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a b s t r a c t
As a type of innovative intersection, Contraflow left-turn lane (CLL) intersection, has been
increasingly implemented at the signalized intersections for increasing the leftturn capacity. This study developed a systematic method for determining the length of CLL and the
signal timing plan for implementing CLL at signalized intersections. At first, the signal timing and geometric design requirements in the implementation of CLL were analyzed. Then,
these requirements were thoroughly considered in the development of the proposed
method. A case study was conducted for evaluating the operational benefits of redesigning
a real-world CLL intersection using the recommended signal timing plan and CLL lengths.
The results of the case study show that the redesigned CLL intersection outperforms the
existing CLL intersection in terms of the average traffic delay, average vehicle travel time,
and average queue length, and the CLL intersection can achieve its best performance at the
recommended CLL lengths. These results indicate that the proposed method can provide
useful guidelines to traffic engineers in the implementation of this innovative intersection
design.
Ó 2021 Tongji University and Tongji University Press. Publishing Services by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

Introduction
As an innovative intersection design, contraflow left-turn lane (CLL) has been increasingly implemented at the signalized
intersections where the capacity of the existing left-turn lanes is insufficient for the increasing left-turn demand. Fig. 1
shows the typical geometric layout for a signalized intersection with CLLs installed in four approaches. The CLL is designed
for increasing the left-turn capacity by dynamically using the opposing lanes. With the CLL design, more existing lanes (i.e.
opposing through lanes) can be used for moving left-turn vehicles, thereby increasing the efficiency and capacity of the intersections and reducing the traffic congestion at the intersections. Also, this new design can be easily implemented without
retrofitting the intersection in a way that requires major construction. Thus, it has the great potential of being a costeffective solution for mitigating the traffic congestion at the signalized intersections where high left-turn demand exists.
The CLL design was originally proposed by a traffic manager in Handan, China, and was implemented for the first time in
the city in 2014. Since then, due to its effectiveness in reducing intersection congestion of intersection congestion, it has been
widely implemented in over 50 intersections in 21 different cities in China by 2018 (Zhao et al., 2018). However, because it is
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Fig. 1. Signalized intersection with CLLs.

a new design, a limited amount of studies has been conducted on investigating the operational and design issues in the
implementation of CLL at signalized intersections. Most of the previous studies (Wu et al., 2016; Su et al., 2016) have been
conducted on investigating the operational benefits of this innovative intersection design, such as its effectiveness in reducing intersection delay, travel time, and left-turn queue lengths. In this new design, the length of CLL, which is defined as the
distance between the upstream median opening and the stop line at the main signal (see LCLL in Fig. 1), is one of the key
design elements. Appropriate CLL length can maximize the utilization rate of the CLL (Wu et al., 2019). However, the existing
method and guidelines have some limitations and this problem needs to be further investigated. Also, there is a lack of systematic and user-friendly guidelines on the signal timing for this innovative intersection design. To fill these gaps, this study
is to develop a systematic method for determining the length of CLL and the signal timing plan for implementing CLL at signalized intersections. The developed method can provide useful design guidelines to traffic engineers in converting an existing conventional signalized intersection into a CLL intersection. In this paper, previous studies related to the CLL
intersections are reviewed and discussed first, followed by an introduction of the concept design of the proposed method.
Then, a traffic simulation-based case study is conducted to evaluate the operational benefits of redesigning a real-world
CLL intersection using the signal timing plan and CLL lengths designed according to the proposed method. Finally, conclusions and recommendations are provided.

Literature review
CLL is also referred to as exit lanes for left turn (EFL) (Zhao et al, 2019) and it belongs to the spectrum of dynamic or reversible lane design (Su et al., 2016). Applying the CLLs at intersections is a relatively new design idea. Although it has been
implemented in over 50 intersections in China, none are currently implemented in North America. In recent years, several
studies have been conducted in investigating this new design from different aspects, including its operational and safety performance, geometric design, and traffic signal timing.

Operational and safety performance
The operational benefits of using CLL design have been approved by many previous studies. Zhao et al. (2013) found that
CLL design increases the capacity of an intersection, reduces average intersection vehicle delay and queue length. Su et al.
(2016) indicated that the CLL design can reduce the intersection delay by about 22% at intersections with heavy left-turn
traffic. Wu et al. (2016) verified that CLL design can improve intersection capacity and reduce traffic delays at intersections.
2
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The results of Zhao et al. (2018) indicate that the CLL design can increase a signalized intersection’s throughput by up to 25%
and decrease the intersection’s delay by 35% on average.
Safety is one of the major concerns for this new design because of the potential conflicts between the left-turn vehicles
trapped on the CLL and opposing through vehicles (Wu et al., 2016). To assess the safety performance of the CLL design, Zhao
et al. (2015) investigated driver’s behavior when approaching CLLs by employing a series of driving simulator experiments. It
was found that the drivers will show certain confusion and hesitation when encountering CLL for the first time, and the
design of CLL is unlikely to cause any serious safety risks. Zhao and Liu (2017) evaluated the potential safety problems of
CLL intersections using the field data collected at seven locations in China. According to the statistical comparison of the
safety performance between the CLL intersections and the conventional intersections, it was found that the safety risks of
CLL intersections include the red-light violations at the pre-signal, wrong-way violation, and vehicles trapped in the
mixed-usage area. In this study, countermeasures for preventing these risks were also identified.
Geometric design and traffic signal timing
There are two key design elements in the design of the CLL intersection. They are the length of CLL and the signal timing at
the CLL intersection. Many previous studies investigated these design elements by using optimization methods for maximizing the operational benefits of CLL. For example, in Zhao et al. (2013), an optimization problem for CLL control was formulated as a mixed-integer nonlinear program. The objective of this optimization problem is to maximize the reserve capacity
of CLL. Twenty-four constraints were set to find the optimum solutions for geometric layout, main signal timing, and
pre-signal timing for the CLL intersection design. In Wu et al. (2016), analytical models were developed for estimating
the capacity and delay of intersections associated with the CLL design at first. Then, a procedure was developed to optimize
the location of upstream median openings based on the developed capacity model. In the development of these optimization
models, some geometric and signal timing constraints for the CLL design were considered, but some constraints related to
the inter-dependence between the CLL length and the signal timing plan have not been fully considered.
Some previous studies investigated these design elements by analyzing the operational and safety performance of the CLL
design. Su et al. (2016) proposed an experimental design for evaluating signal timing and geometric design elements of CLL
intersections. This study examined some key elements in the CLL design, including CLL lengths, access control, and green
signal times. It also analyzes the traffic flows that potentially conflict with the left-turn vehicles on the CLL, and recommends
the use of appropriate signal clearing time to avoid such conflicts. Zhao et al. (2018) developed a probabilistic model to estimate intersection capacity with CLLs. The impacts of the cycle length, left-turn (LT) traffic demand, and lane selection preference on the capacity estimation of CLL intersection were also investigated. Zhao et al. (2019) developed a saturation flow
rate adjustment model that can be used for estimating the saturation flow rate of the left-turn lane (LTL) at both the main
intersection and the median openings based on field-collected data at ten signalized intersections. In these previous studies,
some geometric and signal timing requirements associated with the CLL design have been investigated. However, the interactive relationship between signal timing and CLL geometric design has not been fully studied.
Recently, Wu et al. (2019) proposed a semi-actuated signal control strategy to improve the operations of the CLL design at
signalized intersections. It proposed a procedure for optimizing the CLL length for maximizing the discharge rate of the leftturning vehicles and the utilization rate of the CLL. In this study, the interactive relationship between CLL length and traffic
signal timing has been considered by using simultaneous equations, and a shock wave-based model was used for estimating
the left-turn queue backup length. The limitation for the shock wave-based queuing model is that detailed information about
traffic conditions is required to detect the necessary shock waves and such information is difficult to obtain through existing
arterial traffic data collection systems (Cheng et al., 2011), which prevent the wide application of the proposed method. In
addition, more signal timing requirements need to be considered in their method. Liu et al. (2021) added safety constraints
to the development of signal timing plan for CLL. They developed a mixed-Integer Linear Programming (MILP) model to optimize the CLL design at intersections. The simulation results indicated that their approach reduces the traffic delay by 9.63%
and increases the intersection capacity by 11.48% compared with the actuated CLL design. Wu et al. (2021) conducted an
operational performance analysis of the contraflow left-turn lane (CLL) design considering the influence of the upstream traffic. Their results showed that both the arrival pattern and the length of the contraflow lane can significantly affect the operational performance of the CLL design.
According to the above introduction of previous studies, it can be seen that different sets of geometric and signal timing
requirements in the CLL design have been considered by different studies. There is a lack of systematic design guidelines that
thoroughly consider the critical requirements associated with this new intersection design.
Design concepts and critical requirements
Fig. 1 shows the design concept of the CLL and Fig. 2 shown a general signal timing plan used for such design. Generally,
the CLL is designed for implementation at the signalized intersections with protected only lead-lead left-turn phases.
As illustrated in Figs. 1 and 2, a pre-signal is set at a median opening upstream of the CLL to allow the left-turn vehicles to
enter the CLL when the pre-signal is green. As shown in Fig. 2, the signal phases 70 , 30 , 50 and 10 are pre-signal phases for the
left-turn vehicles from different approaches, which correspond to the left-turn phases 1, 3, 5 and 7 at the main signal,
3
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Fig. 2. General signal timing plan for the signalized intersection with CLL design.

respectively. The left-turn vehicles start to enter the CLL in the signal phase for moving the through traffic on the cross street.
The entered left-turn vehicles will wait at the CLL until the left-turn signal at the main intersection turns green and then,
they will be discharged during the corresponding left-turn phase at the main signal. With the CLL design, more existing lanes
(i.e. opposing through lanes) can be used for moving left-turn vehicles, which increases the intersection left-turn capacity.
Furthermore, the additional left-turn capacity could allow left-turn phase times to be reduced, such that the saved green
time could be reallocated towards other movements at the signal. Therefore, the capacity and operational efficiency of
the entire intersections can be improved by using CLLs.
To ensure the safe and efficient operation of CLLs, there are some special geometric and signal timing requirements associated with the CLL design.

Signal timing requirements for the implementation of CLLs
(1) lead-lead protected only left-turn phases
CLL design can only work with the lead-lead protected-only phase. It is because, for a lagging left-turn approach, the leftturn vehicles cannot be allowed to enter the CLL during the signal phase that is right before the left-turn phase since this
phase is for moving the opposing through vehicles that also need to use CLL. Thus, CLL design can’t work with the lagging
left-turn phase. Also, since both the left-turners and opposing through vehicles need to use the CLL, these two traffic flows
need to be strictly separated through proper signal control. Thus, permissive LT phases should be prohibited for the CLL
design (Zhao et al., 2018).
4
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(2) Sufficient clearance time for clearing the left-turn vehicles on the CLLs at the end of the pre-signal phase.
As we mentioned in the literature review, the major safety concern of the CLL design is the potential conflicts between the
left-turn vehicles trapped on the CLL and opposing through vehicles (Wu et al., 2016). To prevent such types of conflicts, sufficient clearance time must be provided for clearing the left-turn vehicles on the CLLs before the left-turn signal at the main
intersection turns red. Otherwise, the left-turn vehicle will be trapped on the CLLs, which may lead to head-on collisions
with the opposing through vehicles. The minimum required time for clearing the left-turn vehicles on CLL can be estimated
by the following equation.

CT i0 P tdh 

LCLLi
þ ls þ ar i ¼ 1; 3; 5; 7:
Spc

ð1Þ

Where,
CT i0 is the minimum time required for clearing the left-turn vehicles on the CLLs that entered the CLLs during the presignal phase i’
t dh is the saturation discharging headway of left-turn vehicles on CLLs, which can be estimated according to the model
developed in Zhao et al. (2019)
ls is the start-up lost time of the left-turn vehicles, which is assumed to be 2 s,
Spc is the average vehicle storage length, which is assumed to be 25ft, and
LCLLi is the length of the CLL at the approach corresponding to the pre-signal phase i’.
ar is the ‘‘all red” clearance interval for clearing left-turn vehicles from the intersection and it can be estimated according
to the method provided in ITE Traffic Engineering Handbook (1992).
Note that, Eq. (1) is for estimating the minimum required clearance time. To ensure that all the left-turn vehicles on the
CLL can be fully discharged during the left-turn phase, some previous studies (such as Wu et al., 2016) recommended that
the whole left-turn phase should be used for clearing the left-turn vehicles on the CLLs. Thus, the maximum clearance time
for the left turn vehicles on the CLLs will be the length of the entire left-turn phase.
(3) Sufficient clearance time for clearing the conflicting left-turn vehicles from the cross street on the right side before
starting the pre-signal phase (pre-clearance time)
Besides conflicting with the opposing through traffic, the left-turn vehicles using the CLLs will also conflict with the left-turn
vehicles from the cross street on the right side as shown in Fig. 3. According to Su et al. (2016), appropriate clearing time should
be provided for preventing this type of conflict. As shown in Fig. 2, the pre-signal light for Phase i’ turns green during the signal
phase for the cross street through movement, which is right before its corresponding left-turn signal phase i. For example, for
the WB left-turn movement, the pre-signal Phase 10 turns green during the signal Phase 8, which is right before the left-turn
Phase 1. However, the pre-signal Phase 10 should start a little later than Phase 8. It is because that the SB left-turn traffic (moving
during Phase 7) needs to be cleared from the CLL before allowing the WB left-turn vehicles to enter the CLL during the pre-signal
Phase 10 . This type of clearance time, that is for clearing the conflicting left-turn vehicles from the cross street on the right side
before starting the pre-signal phase, which is referred to as pre-clearance time. As shown in Fig. 3, the pre-clearance time is
dependent on the length of CLL and the vehicle speed, and it can be estimated by the following equation:

CT ji0 P

LCLLi
1:47V 15%

ð2Þ

Where,
CT ji0 is the pre-clearance time for clearing the conflicting left-turn movement j from the CLL before starting the pre-signal
phase i’, sec
LCLLi is the length of CLL at the approach corresponding to signal phase i, ft
V15% is the 15th percentile approach speed or speed limit, mi/h.
1.47 is the factor that covert mi/h to feet/sec
Intersection Geometric Design and Operational Requirements for the Implementation of CLLs
Besides the signal timing requirements, there are some special geometric design and operational requirements for the
implementation of CLLs.
(1) Enough received lanes
Enough received lanes should be provided for left-turn traffic from both conventional LTL and CLL. Therefore, as recommended by Su et al. (2016); Zhao et al. (2018), to implement the CLL at an intersection, a minimum number of two through
5
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Fig. 3. Clearance Distance for the Conflicting left-turn Movement.

lanes on the cross-streets are required and these two through lanes will serve as the receiving lanes for both conventional
LTL and CLL as shown in Fig. 4.a.
(2) Pavement channelization markings for right turners
Left-turns will enter the CLLs during the signal phase for moving the through and right-turn traffic on the crossing street.
Thus, the right turners from the cross-streets should stay away from CLLs to avoid conflicts with the queueing traffic on CLLs
(Zhao et al., 2018). For this purpose, appropriate pavement channelization markings should be provided for the right turns as
shown in Fig. 4.b.
(3) Number of CLLs per approach
Technically, more than one CLLs could be used if there are enough receiving lanes on the crossing street. However, extra
caution is required when more than one CLLs are used per approach. It is because, if more than one CLLs are used, there will
be at least three LTLs from each direction, which may cause the following safety problems:
(a) According to Ackeret (1994), concurrent opposing left turns should have at least 10 ft separation. For the CLL design,
since there are at least three LTLs in both directions, it may be difficult to maintain sufficient separation and the turning paths may even overlap, as shown in Fig. 4.c.
(b) It may not be safe to allow three vehicles to turn abreast, especially for the intersections with a high percentage of
large size vehicles (Cooner et al., 2011)
(4) U-turn at CLL intersections
In most cases, U-turn movements from the approaches with CLL lanes should be prohibited due to the following two
reasons:
 A left-turn vehicle on the conventional left-turn lane cannot make a U-turn because it will conflict with the left-turning
vehicles on CLLs that are on its left side.
 In most cases, there is insufficient turning space for left-turn vehicles on CLLs to make a U-turn. According to the FHWA
Median U-turn intersection guideline (Reid, et al., 2014), to provide enough turning radius for u-turners, the required
median width should be between 30ft to 69ft depending on the type of design vehicles. Since there is no median between
6
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Fig. 4. Illustration of Some Geometric Design Requirements for CLL Design.

the CLLs and the U-turn receiving lanes, it means that there should be 3–6 lanes between the CLL and the U-turn receiving
lanes in order to separate them with sufficient space. Therefore, as shown in Fig. 4.d, there should be at least 6 lanes in one
direction to allow making U-turns, which is usually impossible for most of the intersections.
(5) The appropriate length of the CLL
CLL cannot be either too long or too short. If it is too short, it will be quickly filled up and most of the left-turn vehicles
have to line up in the conventional LTL, as shown in Fig. 5.a. As a result, the capacity increase due to the use of CLL will be
very limited. If it too long, the left-turn vehicles that arrive when the pre-signal is red have to line up in the conventional LTL
and missed the opportunity that they can use the CLL, as shown in Fig. 5.b. Since the pre-signal phase turns green during a
relatively short period, only a small portion of the left-turn vehicles can use the CLL and the operational benefits of CLL
7
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Fig. 5. Impacts of CLL length on the left-turn queue distribution.

design cannot be fully achieved. Note that, since drivers will always choose the shortest queue to join when they arrive at the
intersection and there is no barrier to prevent the left-turn vehicles to use the conventional LTL, the situation that longer
queues in CLL and shorter queue in conventional LTL will never occur. Therefore, the maximum utilization of CLL will be
achieved when the queue length on the CLL and conventional LT are balanced, as shown in Fig. 5.c. Thus, according to the
above discussion, the appropriate length of CLL, i.e. LCLL ;should be the average queue length on all LTLs, which can be calculated by the following equation:

LCLL ¼

Q LT
 Spc
NCLL þ NRLT

ð3Þ

Where Q LT is the total queue backup length (in the number of vehicles) and it can be calculated according to the method
provided in HCM 2010, Section 31–4. N RLT is the number of conventional LTLs and N CLL is the number of CLLs; and Spc is
the average vehicle storage length, which is assumed to be 25ft.
Design procedure
According to the design concepts and the critical signal timing and geometric requirements introduced above, it can be
seen that there is an interactive relationship between the signal timing and the CLL length. On the one hand, the signal timing determines the left-turn queue length, thereby determining the appropriate length of the CLL. On the other hand, the
length of the CLL also determines the utilization rate of CLL and the required clearance times, thereby affecting the signal
timing for both the main signal and pre-signals. In other words, there is a feedback loop between these two key elements
in the design of CLL and they should be determined together in one procedure. According to this idea, a step-by-step procedure for developing the signal timing plan and determining the CLL length was developed as follows.
STEP 1: Develop the initial signal timing plan for the main signal.
First, an initial signal time plan will be developed for the main signal by treating the CLL as a conventional LTL. If the signal cycle length is not fixed, both cycle length and signal phase splits will be calculated based on the traffic volume condition
and intersection geometric layout. If the cycle length is fixed (for example, for signal coordination purposes), only the signal
phase splits need to be determined. Note that, in this step, the CLLs are treated as the conventional LTLs, which assumes that
a CLL will carry the same amount of left-turn traffic as a conventional LTL. Note that, this is just a pre-assumption and its
validation needs to be checked later in Step 4. Under this assumption, the percentage of LT vehicles shifting to CLLs, i.e.
LT%CLL , can be estimated by the following equation:

LT%int:
CLL ¼ N CLL =N CLL þ N RLT  100%

ð4Þ

Where N RLT is the number of conventional LTLs.
STEP 2: Estimate the length of CLL.
According to the discussions in the ‘‘Geometric Design and Operational Requirements” section, the appropriate length for
the CLL can be estimated by using Equation (3). In this equation, the total queue backup length, i.e. Q LT , can be calculated
according to the method given in HCM 2010 based on the intersection traffic volume and the left-turn phase time estimated
in Step 1. Note that, the minimum storage length for a left-turn bay is 100 feet (TxDOT Roadway Design Manual, 2018). Thus,
if the estimated length of the CLL is less than 100 feet, the minimum length of 100 feet will be used.
8
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STEP 3: Develop the initial signal timing plan for the pre-signals.
According to the initial signal timing plan for the main intersection signal and the signal timing diagram presented in
Fig. 2, the signal timing plan for the pre-signal lights can be determined. Specifically, according to Fig. 2, the length of the
pre-signal phase i’ is equal to the length of the signal phase for the through movement on the cross street (on its left side)
plus its corresponding left-turn phase i’, and then subtract the pre-clearance time (CT ji0 , as given in E. (2)) and the minimum
required CLL clearance time (CT i0 , as given in Eq. (1)).
Note that, in this step, it also needs to be checked if the left-turn signal phase i (derived in Step 1) is greater than the
minimum required CLL clearance time CT i0 , which is mainly determined by the CLL length estimated in Step 2. If the minimum required CLL clearance time cannot be provided, the left-turn signal phase should be extended to the minimum
required CLL clearance time. Specifically, we need to go back to Step 1, recalculate the main signal splits by setting the length
of the left-turn signal phase i equal to CT i0 (given by Equation (1)) and reallocating the remaining signal green time to other
traffic movements according to the traffic volume condition.
STEP 4: Check the assumption given in Step 1
In Step 1, the CLL is treated as a conventional LTL, which assumes that the percentage of LT vehicles shifting to CLL is equal
to LT%int:
CLL ¼ N CLL =ðN CLL þ N RLT Þ100%. Under this assumption, the average amount of LT vehicles entering the CLL per cycle can
be estimated by the following equation:

LT#int:
¼
i0

LT%int:
CLL  V LTi
CPH

ð5Þ

Where
LT#int:
i0 is the expected number of LT vehicles entering the CLL per cycle for left-turn
phase i,
V LTi is the total LT volume (vph) for approach i, and
CPH is the number of signal cycles per hour.
It needs to be checked if the pre-signal is sufficient for allowing this amount of the left-turn vehicles to enter the CLL. The
maximum amount of LT vehicles that can enter the CLL during the pre-signal phase can be estimated by the following
equation.

LT#Max
¼
i0

ðT i0  ls Þ
t 0 dh

ð6Þ

Where
LT#Max
is the maximum amount of LT vehicles that can enter the CLLs during the pre-signal phase i0
i0
T i0 is the length of the pre-signal phase i0 , estimated in Step 3
t 0 dh is the saturation discharging headway of left-turn vehicles at the median opening, which can also be estimated
according to the model developed in Zhao et al. (2019)
ls is the start-up lost time of the left-turn vehicles, which is assumed to be 2 s
If LT#Max
< LT#int
i0
i0 , it means that not all the left turners can enter the CLL as we assumed in Step 1. Therefore, we cannot
per cycle.
assume CLL as a full conventional LTL. The maximum amount of left turners that can be shifted to the CLL is LT#Max
i0
Then, the actual amount of left-turn volume need to use the conventional LTLs can be estimated by the following equation

LTV RTL
¼ V LTi  LT#Max
 CPH
i
i0

ð7Þ

Where LTV RTL
is the left-turn volume using the conventional LTLs from the approach corresponding to the left-turn phase i.
i
After that, the signal phase splits in Step 1 need to be re-calculated by only considering the conventional LTLs and the estimated actual amount of LT volume using the conventional LTLs. Then, by iterating this procedure, the final signal timing plan
for the CLL can be derived. The entire process is represented by the flowchart shown in Fig. 6.
Case study
A case study was conducted to evaluate the proposed method for determining the two key design elements: (1) the length
of the CLL, and (2) the traffic signal timing plan. A real-world CLL intersection in Jinan City, China was selected for this case
9
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Fig. 6. Procedure for Determining the CLL intersection Signal Timing Plan and CLL length.

study. Field data was collected at this intersection and traffic simulation-based experiments were conducted for analyzing
the operational performance of this CLL intersection under different signal timing controls and geometric conditions.
Study site and field data collection
The study intersection (Jingshi Road @ Qingnian Road) is one of the busiest intersections in a major arterial, namely Jingshi Road in Jinan City, China, as shown in Fig. 7. At this intersection, the left-turn demand is very high and CLLs were implemented at the four approaches of this intersection. The existing lane configurations and signal timing plan of this
intersection are shown in Fig. 8. Field data were collected during AM peak hour (7:00 am–8:00 am) on a typical weekday
as follows.
1) Traffic volume was manually extracted from the traffic videos collected at the study site. The collected data included
the through traffic volume, right-turn, and left-turn volume for different types of vehicles from different approaches.
The traffic volumes were presented in Fig. 8.a.
2) Travel time was collected using a floating-car method. The speed limit is 37mph for each direction. The collected data
includes the travel time for the through movements on the major roads from both directions, as shown in Fig. 10.
3) Intersection geometric conditions, including the number of lanes, the types of lanes at the main intersection, and the
length of CLLs, as shown in Fig. 8.a. Besides, it is a level grade intersection and the width of each lane is 12 feet.
4) Intersection signal timing plan, including the cycle length and detailed signal timing plan for both the main signal and
pre-signals, as shown in Fig. 8.b.
Traffic simulation-based analysis
In this study, VISSIM, a microscopic multi-modal traffic flow simulation software, was used for analyzing the operational
performance of the CLL intersection. To simulate the operation of CLLs, the bi-directional characteristic of the CLLs is
10
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Fig. 7. Study Site Map (Source: google map).

achieved by overlapping CLLs with their opposing through lanes. Fig. 9 shows the setting of the contraflow LTLs in VISSIM.
Then, the dynamic rerouting function is employed to allow left-turn vehicles to choose appropriately between the conventional LTLs and the CLLs. The dynamic rerouting decision is made based on the following attributes: the status of the main
signal, the status of the pre-signal, the queuing length on the conventional LTL, and the queuing length on the CLLs.
In this study, for each scenario, a 1-hour traffic simulation was conducted and the first half-hour simulation results were
discarded to ensure the simulation analysis starts after the steady-state condition researches. Ten simulation runs were conducted to overcome the randomness in the simulation outputs.
Development of the base model
A base model was developed to replicate the existing traffic operation at the studied CLL intersection. The base model was
developed according to the lengths of the existing CLLs, the existing signal timing plan, and other existing intersection geometric and traffic conditions as shown in Fig. 8. The base model was then calibrated based on the major road through travel
time. The travel time was calculated based on fifteen test runs of a floating-car. According to the calibration results listed in
Fig. 10, the calibrated model was in good agreement with the actual traffic conditions, showing low relative errors of about
5%. This means that the simulation model can perform reliably in replicating the traffic conditions at the studied CLL
intersection.
Simulation scenario type A: CLL intersection with the proposed traffic signal timing plan and CLL lengths
To evaluate the proposed method for determining the traffic signal timing plan and the lengths of CLL, an alternative simulation scenario was created by redesigning the signal timing plan and CLL lengths for the studied CLL intersection according
to the procedures given in Fig. 6. This alternative simulation scenario is referred to as ‘‘CLL intersection using proposed traffic
signal timing and CLL lengths”. Fig. 11 presents the signal timing plan developed based on the proposed CLL design
procedure.
Based on the simulation results, the operational performance measures, including average traffic delay, average vehicle
travel time, and average queue length at the existing CLL intersection (base model) and the redesigned CLL intersection were
compared and the results were presented in Fig. 12. It can be seen that the intersection with the proposed traffic signal timing and CLL lengths consistently outperforms the existing CLL intersection in terms of the average traffic delay, average vehicle travel time, and average queue length.
11
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Fig. 8. Study Intersection (Jingshi Road @ Qingnian Road).

Simulation scenario type B: CLL intersection with various CLL lengths
According to the proposed method, the length of CLL is estimated by using Equation (3), which is based on the idea that
the maximum utilization of CLL will be achieved when the queue length on the CLL and conventional LTL are balanced. To
assess if the CLL length recommended by the proposed method can allow the CLL intersection to achieve its best
12
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Fig. 9. Contraflow lane setting up in VISSIM.

Fig. 10. Calibration of the Base Simulation Model.

performance, the operational performance of the interstation with various CLL lengths needs to be tested. As aforementioned, the lengths of CLLs at the studied intersection have been estimated according to the procedure given in Fig. 6. Following are the estimated results:





The
The
The
The

estimated
estimated
estimated
estimated

CLL
CLL
CLL
CLL

length
length
length
length

of
of
of
of

WB is 175 ft (the exiting length is 165 ft),
EB is 225 ft. (the exiting length is 197 ft),
NB is 125 ft (the exiting length is 165),
SB is 325 ft (the exiting length is 197 ft).

Since the estimated CLL lengths for WB and NB are relatively short (less than 200 ft) and cannot be further reduced (the
minimum required length is 100 ft), only the EB and SB approaches are selected for further analysis. Thus, the following two
sets of alternative simulation scenarios were created by varying the lengths of EB and SB CLLs around the recommended
lengths:
 Increase the length of EB CLL from 125 ft to 325 in 50 ft increments (5 scenarios),
 Increase the length of SB CLL from 225 ft to 425 in 50 ft increments (5 scenarios),
13
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Fig. 11. Signal timing developed based on the proposed CLL design procedure.

Fig. 12. Comparison of Base Scenario with Different Signal Timing Plans.

Note that, in these scenarios, except for the CLL length in the subject approach, all other settings keep the same as those in
scenario type A.
Based on the simulation results, the operational performance of CLL intersections with various CLL lengths for both the
entire intersection and the subject left-turn approach were compared. Fig. 13 shows the simulation results for the scenarios
with various EB CLL lengths and Fig. 14 shows the simulation results for the scenarios with various SB CLL lengths. From both
figures, it can be seen that, for most of the performance measures, the CLL intersection performs best at the estimated CLL
length (red cycled). As shown in Fig. 13, for the EB CLL, the studied intersection achieved the lowest average travel time and
average delay at the proposed CLL length (225 ft). Although the average queue length reaches its minimum value at the point
of 175 ft instead of 225 ft, the differences in the performance between these two points are relatively small. Therefore, by
considering the other performance measures (average travel time and average delay), using the proposed CLL length
(225 ft), the intersection can achieve better overall performance than using other CLL lengths. Similarly, as shown in
Fig. 14, for the SB CLL, the intersection achieved its best performance at the proposed CLL length (325 ft) except for one case,
which is the average queue length for the entire intersection. However, the difference in the queue length between the
14
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Fig. 13. Operational Performance Comparison for Intersection with Various EB CLL lengths.

proposed length (325 ft) and the optimal length (375 ft) is also very small. Therefore, these results verified that the proposed
method can provide the appropriate lengths for the CLLs that allow the CLL intersection to achieve its best performance.
Conclusions
This study developed a systematic method for determining the length of CLL and the signal timing plan for implementing
CLL at signalized intersections. First, the signal timing and geometric design requirements in the implementation of CLL have
been discussed thoroughly in developing the proposed method. These requirements can provide useful design guidelines to
traffic engineers in converting an existing conventional signalized intersection into a CLL intersection. Second, the development of the signal timing plan has considered both the pre-clearance times that are required before the start of the presignal phase and the clearance time required at the end of the pre-signal phase. As a result, it will reduce the risks associated
with the use of CLL, and make CLL a safety solution to mitigate traffic congestion at signalized intersections. Third, the interactive relationship between signal timing and CLL the length of CLL has been considered in the proposed method and the
method for estimating the length of CLL is developed based on the conditions of maximizing the utilization of CLL. As a result,
the estimated CLL lengths will allow the CLL intersection to achieve its best operational performance.
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Fig. 14. Operational Performance Comparison for Intersection with Various SB CLL lengths.

A case study was conducted for validating the operational benefits of redesigning a real-world CLL intersection using the
signal timing plan and CLL lengths recommended by the proposed method. The traffic simulation results show that the redesigned CLL intersection outperforms the existing CLL intersection in terms of the average traffic delay, average vehicle travel
time, and average queue length, and the CLL intersection can achieve its best performance at the recommended CLL lengths.
These results verified the advantages of the method proposed by this study. The results of this study can provide useful tools
and design guidelines to traffic engineers in the implementation of the CLL intersection design. One limitation of the study is
that queue lengths at the studied intersection were not collected. Thus, the simulation model was only calibrated based on
the travel time collected at the study site. In the future, more field data need to be collected to further validate the results of
this study. In addition, the impacts of the upstream traffic flow pattern on the performance of CLL design also need to be
investigated in future studies.

Data availability statement
Some or all data, models, or codes that support the findings of this study are available from the corresponding author
upon reasonable request.
16

International Journal of Transportation Science and Technology xxx (xxxx) xxx

R. Guo, J. Liu, Q. Zhao et al.

Declaration of Competing Interest
The authors declare that they have no known competing financial interests or personal relationships that could have
appeared to influence the work reported in this paper.
Acknowledgments
This research is supported in part by the U.S. Department of Transportation (USDOT) under grant #69A3551747133. The
contents of this paper reflect the authors’ views, who are responsible for the facts and accuracy of the data presented.
References
Ackeret, K.W., 1994. Criteria for the Geometric Design of Triple left-turn Lanes, ITE Journal, Institute of Transportation Engineers, vol. 64, no. 12, pp. 27–33,
December 1994. Online: http://turnlanes.net/files/criteria_for_the_geometric_design_of_triple_left-turn_lanes.pdf. Link Accessed October 25, 2010.
Cheng, Y., Qin, X., Jin, P., Ran, B., Anderson, J., 2011. Cycle-by-cycle queue length estimation for signalized intersections using sampled trajectory data.
Transp. Res. Rec. 2257, 87–94. https://doi.org/10.3141/2257-10.
Cooner, S., Ranft, S., Rathod, Y., Qi, Y., Yu, L., Wang, Y., Chen, S., 2011. ‘‘Development Of Guidelines For Triple Left And Dual Right turn Lanes”, Report No.
TxDOT 0-6112-1, final report to Texas Department of Transportation (TxDOT).
Institute of Transportation Engineers (ITE), 1992. Traffic Engineering Handbook, 4th Edition. Washington, DC: ITE.
Liu, S., Wang, Z., Jiang, H., 2021. Signal timing optimisation with the contraflow left-turn lane design using the cell transmission model. Transportmetrica A:
Transport Science, (just-accepted), 1-24.
Reid, J., Sutherland, L., Ray, B., Daleiden, A., Jenior, P., Knudsen, J., 2014. Median u-turn intersection: informational guide (No. FHWA-SA-14-069). United
States. Federal Highway Administration. Office of Safety.
Su, P., Krause, C., Hale, D., Bared, J., Huang, Z., 2016. Operational advantages of contraflow left-turn pockets at signalized intersections. Inst. Transp. Eng. ITE
J. 86 (7), 44.
Roadway Design Manual, 2018. Texas Department of Transportation, April 2018. [Online]: http://onlinemanuals.txdot.gov/txdotmanuals/rdw/rdw.pdf. Link
Accessed June 10, 2020.
Wu, J., Liu, P., Qin, X., Zhou, H., Yang, Z., 2019. Developing an actuated signal control strategy to improve the operations of contraflow left-turn lane design at
signalized intersections. Transp. Res. Part C: Emerg. Technol. 104, 53–65.
Wu, J., Liu, P., Tian, Z.Z., Xu, C., 2016. Operational analysis of the contraflow left-turn lane design at signalized intersections in China. Transp. Res. Part C:
Emerg. Technol. 69, 228–241.
Wu, J., Liu, P., Zhou, Y., Yu, H., 2021. Stationary condition-based performance analysis of the contraflow left-turn lane design considering the influence of the
upstream intersection. Transp. Res. Part C: Emerg. Technol. 122, 102919.
Zhao, J., Ma, W., Zhang, H.M., Yang, X., 2013. Increasing the capacity of signalized intersections with dynamic use of exit lanes for left-turn traffic. Transp.
Res. Rec. 2355 (1), 49–59.
Zhao, J., Liu, Y., 2017. Safety evaluation of intersections with dynamic use of exit-lanes for left-turn using field data. Accid. Anal. Prevent. 102, 31–40.
Zhao, J., Yun, M., Zhang, H.M., Yang, X., 2015. Driving simulator evaluation of drivers’ response to intersections with dynamic use of exit-lanes for left-turn.
Accid. Anal. Prevent. 81, 107–119.
Zhao, Y., James, R.M., Xiao, L., Bared, J., 2018. A capacity estimation model for a contraflow left-turn pocket lane at signalized intersections. Transp. Res. Rec.
2672 (17), 22–34.
Zhao, J., Yu, J., Zhou, X., 2019. Saturation flow models of exit lanes for left-turn intersections. J. Transp. Eng., Part A: Syst. 145 (3), 04018090.

17

